More precise information on the degree of polymerization (DP) of polysialic acid (polySia) chains expressed on neural cell adhesion molecule (NCAM) and its developmental stage-dependent variation are considered important in understanding the mechanism of regulated polysialylation and fine-tuning of NCAMmediated cell adhesion by polySia. In this paper, first we performed a kinetic study of acid-catalyzed hydrolysis of polySia and report our findings that (a) in (38Neu5Ac␣23) n 38Neu5Ac␣233Gal␤13 R, the proximal Neu5Ac residue ␣233 linked to Gal is cleaved about 2.5-4 times faster than the ␣238 linkages and (b) in contrary to general belief that ␣238 linkages in polySia are extremely labile, the kinetic consideration showed that they are not so unstable, and every ketosidic bond is hydrolyzed at the same rate. These findings are the basis of our strategy for DP analysis of polySia on NCAM. Second, using the recently developed method that provides base-line resolution of oligo/polySia from DP 2 to >80 with detection thresholds of 1.4 fmol per resolved peak, we have determined the DP of polySia chains expressed in embryonic chicken brains at different developmental stages. Our results support the presence of numerous NCAM glycoforms differing in DPs of oligo/polySia chains and a delicate change in their distribution during development.
More precise information on the degree of polymerization (DP) of polysialic acid (polySia) chains expressed on neural cell adhesion molecule (NCAM) and its developmental stage-dependent variation are considered important in understanding the mechanism of regulated polysialylation and fine-tuning of NCAMmediated cell adhesion by polySia. In this paper, first we performed a kinetic study of acid-catalyzed hydrolysis of polySia and report our findings that (a) in (38Neu5Ac␣23) n 38Neu5Ac␣233Gal␤13 R, the proximal Neu5Ac residue ␣233 linked to Gal is cleaved about 2.5-4 times faster than the ␣238 linkages and (b) in contrary to general belief that ␣238 linkages in polySia are extremely labile, the kinetic consideration showed that they are not so unstable, and every ketosidic bond is hydrolyzed at the same rate. These findings are the basis of our strategy for DP analysis of polySia on NCAM. Second, using the recently developed method that provides base-line resolution of oligo/polySia from DP 2 to >80 with detection thresholds of 1.4 fmol per resolved peak, we have determined the DP of polySia chains expressed in embryonic chicken brains at different developmental stages. Our results support the presence of numerous NCAM glycoforms differing in DPs of oligo/polySia chains and a delicate change in their distribution during development.
Polysialylation is a unique posttranslational modification of the neural cell adhesion molecule (NCAM), 1 and polysialic acid (polySia) is a homopolymer of ␣238-linked Neu5Ac. PolyNeu5Ac chain is now known to regulate homophilic NCAM-NCAM adhesion and is shown to be crucial to synaptic plasticity in the developing and adult brain, thereby playing a critical role in various relevant pathophysiological events in vertebrates (see for example, Ref. 1) . PolySia is also known to occur primarily on NCAM in embryonic tissues, and if not exclusively, NCAM is a major carrier of this unique polymer in mammals. A large amount of data suggesting a complex, coordinated process of biochemically detectable changes in the molecule and morphological changes that govern the development of the nervous system are available, and the presence of distinguishable NCAM glycoforms differing in the content of Sia has been detected. Many of important biological and pathophysiological regulatory effects of the Sia content of NCAM on neural cellular events are governed by the degree of polymerization (DP) of polyNeu5Ac. However, until now the presence of the oligo/polyNeu5Ac residues in different glycoforms of NCAM has been only qualitatively referred to as different terminology in the literature as follows: (1) adult form (A-form) NCAM versus embryonic form (E-form) NCAM (the former contains only one-third of the Sia content of the latter) (2, 3); (2) Sia-rich NCAM versus Sia-poor form or NCAM with a lower Sia content (3) (4) (5) (6) ; (3) NCAM with a high content of polySia versus NCAM with a low content of polySia (7); (4) a highly sialylated form (polySia-linked NCAM or polySia-NCAM) (8 -13); (5) embryonic form (E-form) with high Sia content versus an adult form (A-form) with lesser amounts of Sia (2, 4, 8, 11, 14 -20) ; (6) highly sialylated, embryonic form versus several distinct, less sialylated but more adhesive, adult forms (8, 11, 15, 21) ; (7) a highly polysialylated NCAM (NCAM-H) versus poorly sialylated NCAM (NCAM-L) (22) (23) (24) (25) (26) ; (8) highly sialylated NCAM versus weakly sialylated NCAM (27, 28) ; (9) polySia-NCAM (polySia-NCAM) (25, 29 -44) .
Quantitative information on the length or DP versatility of polySia chains is considered important in understanding the molecular mechanism of biosynthesis of polySia chains and "coarse and fine tuning" of the adhesive behavior of the neural cells by a wide spectrum of glycoform structure of NCAM. Details of such information cannot be obtained using biochemical probes including anti-polySia antibodies and endo N-acylneuraminidase. We hypothesize that the possible presence of a continuum glycoform profile in certain functional glycoproteins is important in coarse and fine tuning of "protein-based functions," particularly in higher animals. Thus, the present study of determination of DP and distribution of oligo/polySia chains on NCAM represents one of the pilot studies for Glycome Project that complements the Genome-based Proteome Project.
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with definite DP values and compared the stability of ␣238 sialosyl linkages with those of ␣233 and ␣236 sialosyl linkages in model compounds. From the analysis of the experimental results, it has been concluded that hydrolysis of all internal ␣238-linked sialosidic linkages in polySia takes place at the same rate, which is significantly slower than the sialosyl bond of the proximal Sia residue linked ␣233 to the Gal of the core glycan chain in NCAM, i.e. (Neu5Ac) n Ϫ 1 Neu5Ac␣233Gal␤13 under the conditions used in this study. The results and interpretation of this study may argue against previous evidence of polySia chains that the DP of the polySia chain on NCAM is as large as or even larger than 100 (45) , and that polyNeu5Ac chains with high DP are extremely labile to hydrolytic breakdown even at near neutral pH (46) .
EXPERIMENTAL PROCEDURES
Monosialosyl and Oligo/PolySia Samples-Neu5Ac dimer (Neu5Ac␣238Neu5Ac) was a gift from Nihon Gaishi (Handa, Japan). Neu5Ac␣233Gal␤134Glc and Neu5Ac␣236Gal␤134Glc were purchased from Glyko (Novato, CA). Colominic acid was purchased from Nacalai Tesque (Kyoto, Japan). Two polySia samples with discrete DP values, i.e. (Neu5Ac) 10 and (Neu5Ac) 21 , and three other polyNeu5Ac samples of which the major components are (Neu5Ac) 41 , (Neu5Ac) 67 ϩ (Neu5Ac) 68 , and (Neu5Ac) 76 were prepared by chromatographic separation of a controlled hydrolysate of commercially available colominic acid on a DEAE-Sephadex A-25 column (47) or by direct HPLC fractionation of commercial colominic acid without pre-hydrolysis on a MonoQ HR 10/10 (Amersham Pharmacia Biotech) or a DNAPac PA-100 (Dionex, Sunnyvale, CA) column.
Determination of Chain Length of Oligo/PolySia and Total Sia-For some samples of (Neu5Ac) n the n values were determined by the HPAEC-PED method after pre-hydrolysis at 50°C; this pre-hydrolysis was necessary to obtain a homologous series of peaks for (Neu5Ac) n , n ϭ 1 to n, to determine n. For all samples examined, n values determined by the new DMB/HPLC-FD method were identical with those determined by HPAEC-PED. Total Neu5Ac was determined after maximal hydrolytic liberation of free Neu5Ac in 0.1 M trifluoroacetic acid at 80°C by reverse-phase HPLC of the DMB derivative of Neu5Ac as described previously (48) or by HPAEC-PED without derivatization (49) .
Kinetics of Acid Hydrolysis of Sialosyl Linkages-Neu5Ac␣238Neu-5Ac, Neu5Ac␣233Gal␤134Glc, and Neu5Ac␣236Gal␤134Glc (200 ngϳ1 g) were hydrolyzed in 0.02 M trifluoroacetic acid at 50°C or in 0.1 M trifluoroacetic acid at 80°C in total volume of 80 l. The reaction was terminated by adding 20 l of 0.2 M NaOH at appropriate time intervals. Two polySia samples with the discrete DP values, (38Neu-5Ac␣23) 10 and (38Neu5Ac␣23) 21 , were hydrolyzed in 0.02 M trifluoroacetic acid at 50°C. Mono-and oligo/polyNeu5Ac formed were quantified by HPAEC-PED (cf. Ref. 49) .
Derivatization of Oligo/PolySia with DMB-Derivatization of polySia at the reducing end with the fluorogenic reagent DMB originally used for the labeling of Sia (50) was carried out in the reaction mixture containing, finally, 2.7 M DMB (Dojinbo, Kumamoto, Japan), 9 mM sodium hydrosulfite, 0.5 M ␤-mercaptoethanol, 20 mM trifluoroacetic acid, and a given Sia-containing reactant at 10°C for 48 h. The reaction was stopped by adding one-fifth volume of 1 M NaOH to hydrolyze lactones formed during the reaction (51, 52) .
HPLC Systems-For HPAEC-PED analysis, a DX-500 ion chromatography system (Dionex, Sunnyvale, CA) was used with an ED-40 electrochemical detector and a CarboPac PA-100 column. Elution of oligo/polySia was performed at 1 ml/min with a concentration gradient of NaNO 3 as described previously, whereas the concentration of NaOH was always kept at 0.1 M (49, 53) . For DMB/HPLC-FD, a HewlettPackard HPLC system series 1100 was used with a DNAPac PA-100 column and a fluorescence detector set at 372 nm for excitation and 456 nm for emission (54) . Elution was performed at 1 ml/min with segments of linear gradient of NaNO 3 made by introducing 1 M NaNO 3 , 2, 2, 3, 10, 20, 25, and 35% in water at 0, 3, 6, 14, 28, 43, and 95 min, respectively.
Chicken Brain Samples-PolySia-containing glycopeptides were prepared and purified from embryonic chicken brain (E5ϳE21) as described previously (48) . The samples were eluted under a slightly included peak earlier than commercial colominic acid (DP 100) from a Sephacryl S-200 column and under a peak eluted with higher concentrations of NaCl than for colominic acid from a MonoQ HR 10/10 column.
RESULTS

Verification of the DMB/HPLC-FD Method Using a DNAPac PA-100 Column for Determination of the DP Values of PolySia Chains
Special attention was directed to the questions and assessment of the reliability and validity of the data obtained using a newly developed method of polySia analysis. To answer the question as to whether this DMB/HPLC-FD method can detect an original sample of polySia with high DP and give its correct DP value was most important because the derivatization was carried out under acidic conditions in which partial cleavage of inter-residue sialosyl linkages was unavoidable. For this purpose, we used polyNeu5Ac samples separated from colominic acid by anion-exchange chromatography, and the DP values of their major components were determined by HPAEC-PED (see "Experimental Procedures"). The chromatographic profiles obtained by the DMB/HPLC-FD method described under "Experimental Procedures" are given in Fig. 1, a-d . A series of lower DP fragments were detected in each case, but the original major components, (Neu5Ac) 41 , (Neu5Ac) 53 , (Neu5Ac) 67 ϩ (Neu5Ac) 68 , and (Neu5Ac) 76 remained intact as the most prominent peaks of quinoxalinone adducts, i.e. (Neu5Ac) 40 -Q, (Neu5Ac) 52 -Q, (Neu5Ac) 66 -Q ϩ (Neu5Ac) 67 -Q, and (Neu5Ac) 75 -Q after the DMB reaction. These results showed that the method can be used for the DP determination of free polySia chains with DPs as high as 76.
DMB/HPLC-FD Analysis of PolySia-containing Glycoproteins Obtained from Embryonic Chicken Brain
Developmental Profile of PolySia and DP Distribution of PolySia Chains in NCAM-Changes in the polySia content in NCAM have been studied extensively and intensively during the pre-and post-hatching development of central nervous system tissue in vertebrates including chicken and frog (e.g. Ref. 7) . However, no quantitative information about the developmental stage-dependent changes in the DP of polySia chains is available until now, so that we have applied the DMB/ HPLC-FD method to the analysis of polySia chains of NCAM in the samples prepared from embryonic chicken brain at different stages of development. In the present study, polySia-containing glycopeptides were prepared through exhaustive digestion with nonspecific bacterial protease, gel-filtration, and anion-exchange chromatography of the delipidated homogenates of chicken brains at stages E5, E6, E10, E12, E14, E16, E18, and E21 (referred to as 5-, 6-, 10-, 12-, 14-, 16-, 18-, and 21-day after fertilization) by the previously published method and compared with respect to size and distribution of their polySia chains. We analyzed for possible depolymerization of polySia during preparation and purification of samples using model polySia compounds and the HPAEC-PED method. We found that in medium at pH 8.0, used throughout purification, no cleavage of the ␣238 sialosyl linkage was detected during a 3-day incubation at 37°C. From the results obtained we can conclude that throughout all stages of embryonic development, polysialylated NCAM glycoforms with polySia DP as long as 50 are expressed (Fig. 2, a-d) , and although those with a DP Ͼ 50 are detectable at some stage (Fig. 2d) , they are in much smaller proportion. The distributions of distinct NCAM glycoforms with varying DP polySia chains were estimated at different developmental stages of chicken brain and are shown in Fig. 3 . First, NCAM with lower DPs (5 Ͻ DP Ͻ 10) polySia appeared to be more abundant at early stages of development (E5 and E6) and increased again at late stages (E18 and E21). Second, the highly polymerized form of polySia chains with DP 40, although relatively low over the entire stage of embryonic development, appeared to be most abundant, abounding at around E12 and declining steadily from E14 to the final stage (E21). Third, NCAM glycoforms with a DP greater than 21 increased until the 10th embryonic day and were rather constant between E10 and E16 but decreased significantly from E18. These changes in NCAM glycoforms with varying DPs of polySia chains are considered to be critically important in fine-tuning NCAM-NCAM adhesive interaction-associated cellular events at the defined sites during development, although the complex regulatory mechanism responsible for such fine-tuning remains as one of the most challenging problems confronting us.
Developmental Profile and Expression of Multiple PolySia Glycoforms of NCAM-The chromatographic peaks are well resolved as shown in Fig. 2 , but none of these chromatographic patterns are characterized by a damped oscillating fashion with increasing retention time as seen in Fig. 1 for authentic (Neu5Ac) n samples. Instead, regularly protruded peaks are seen in each of chromatograms centering at the retention times near at 50 min (in Fig. 2a ), 44 min (in Fig. 2b ), 37 min (in Fig.  2c) , and 46 min (in Fig. 2d ). These results are accounted for by the presence of at least two heterogeneous but discrete groups of polySia chains with different DPs. Such unique elution patterns observed in DMB/HPLC-FD analysis were also considered to represent certain kinetic profiles suggesting that particular sialosyl linkages were hydrolyzed at significantly faster rates than ␣238-sialosyl bonds in polySia chains. To further confirm the presence of the discrete groups of polySia chains differing in their average DPs, two pairs of NCAM-derived polySia glycopeptides that were partially resolved by using a MonoQ HR 10/10 column into the high M r fractions at two different developmental stages (E18 and E21) were analyzed by the DMB/HPLC-FD method. As shown in Fig. 4 of our previous paper (51), the MonoQ HR 10/10 elution profile for E21 exhibited a minor but definitely partially resolved peak (labeled Q2) eluting with retention times of 38 -43 min, just ahead of the major peak (labeled Q1), eluting at 44 -52 min. For E18, a similar although less clear trend was seen, and the corresponding major and minor fractions were separately collected and labeled Q1 and Q2, respectively. These two pairs of NCAMderived polySia-containing glycopeptide fractions were subjected to DMB/HPLC-FD analysis, and the results are shown in Fig. 4, a and b, for E18 . and c and d, for E21. The major retarded peaks (Q1) exhibited on a MonoQ HR 10/10 elution profiles of Pronase polySia glycopeptides isolated from E18 and E21 chicken brains are characterized as containing triantennary core N-glycans on which two arms are substituted by oligo/ polySia chains, i.e. (38Neu5Ac␣23) m and (38Neu5Ac␣23) n , and m ϩ n ϭ 50. Elution patterns shown in Fig. 4 , a and c, also indicate that only a relatively small portion of the polySia chains has a DP ϳ40 and oligo/polySia chains have a high degree of heterogeneity (chain length variability), although a net negative charge is likely almost constant. Data published previously (56) and unpublished results (S. Inoue) indicate the presence of an arm with an unsubstituted terminal Gal residue on the major triantennary N-glycan bearing oligo/polySia chains. The minor component, Q2, derived from E18 exhibited a unique chromatographic profile (Fig. 4b) , and this fraction can be characterized as containing triantennary glycan chains consisting of two oligo/polySia chains, i.e. (38Neu5Ac␣23) p and (38Neu5Ac␣23) q , p ϩ q ϭ 30, with DPs of 14ϳ27 predominant. Developmental stage-dependent complex chromatographic patterns observed in this study using the ultrasensitive DMB/HPLC-FD method certainly represent the distinct difference in polysialylation patterns in NCAM from different stages of chicken embryos. During the entire period of embryonic development, a homologous series of NCAM glycoforms categorized by at least two heterogeneous but discrete groups of polySia chains with different DPs are expressed, and their relative abundance is responsible for generating protrusion of a bunch of resolved peaks on chromatograms (Fig. 2) .
Determination of the First-order Rate Constants, k app ,
for Acid Hydrolysis of Neu5Ac␣238 Neu5Ac, Neu5Ac␣233Gal␤134Glc, Neu5Ac␣236Gal␤134Glc, (38Neu5Ac␣23) 10 and (38Neu5Ac␣23) 21 To determine the apparent rate constants of mild acid-catalyzed hydrolysis of ketosidic linkages, appearance of monomeric Neu5Ac and appearance and disappearance of lower oligoNeu5Ac with time were measured in 0.02 M trifluoroacetic acid at 50°C (some compounds were also measured in 0.1 M trifluoroacetic acid and 80°C) using the HPAEC-PED method. The rate constants for Neu5Ac␣238Neu5Ac, Neu5Ac␣23 3Gal␤134Glc and Neu5Ac␣236Gal␤134Glc were evaluated by a simple first-order rate equation, and those for (38Neu5Ac␣23) 10 and (38Neu5Ac␣23) 21 were calculated by Equation 1.
Details of the formulation and assumption used are given under "Discussion." The results are summarized in Table I .
DISCUSSION
In this study developmentally regulated polysialylation of NCAM in chicken brain was analyzed using a newly established ultrasensitive method. This method was validated to be a method to analyze accurate DP values using authentic samples of ␣238-linked polyNeu5Ac with defined DP values up to 76 and to exhibit high sensitivity with detection thresholds of 1.4ϫ10 Ϫ15 mol (1.4 fmol) per resolved peak. Our results showed that the previously reported estimate of DP of the polySia chains of NCAM (45) is questionable.
We also noted that acid lability of polySia chains against hydrolytic cleavage of the inter-residue linkages might not be correctly understood. It is generally believed that polySia chains are substantially labile under mild acidic and even at near neutral conditions, and the lability is dependent on DP (46) . Because this conclusion drawn by Manzi et al. (46) is not entirely in agreement with our long experience in the studies on chemical and biochemical nature of oligo/polySia chains expressed on glycoproteins, in this work we first carried out a kinetic study of acid-catalyzed hydrolysis of polySia chains and compared the stability of ␣238 sialyl linkages in polySia chains of different DPs with those of ␣233, and ␣236 sialyl linkages. The kinetic measurements have also substantiated our method of DMB/HPLC-FD under the optimized conditions in the determination of the DP values of polySia chains present in NCAM. PolySia-containing glycopeptide fractions derived from embryonic chicken brains at different developmental stages were prepared as described under "Experimental Procedures." Each sample, containing 50ϳ500 ng of total Neu5Ac, was derivatized with DMB for 48 h at 10°C in 40 l. The reaction was stopped by alkalinization, and four-fifths of the mixture was injected. Peaks were labeled with the DP values.
Physicochemical Properties of Oligo/PolyNeu5Ac-Here it is appropriate to scrutinize the molecular properties of a unique homopolymer, polySia chain. Varki and co-workers (46) presumed that the acid lability of the Neu5Ac␣238Neu5Ac interketosidic linkage in oligo/polyNeu5Ac is DP-dependent or linkage conformation-dependent for the internal linkage to undergo intramolecular general acid-catalyzed hydrolysis (46) . It goes without saying that a change in DP of a certain biopolymer may possibly induce the conformational change, and thereby, the chemical reactivity is affected directly or indirectly through such a conformational change. Varki and co-workers (46) report a DP-dependent change of pK a values of carboxyl groups in (Neu5Ac) n , and the measured pK a values of (Neu5A-c) n of average DPs ϳ100 were much higher than those of 2.9 -3.2 for Neu5Ac, 3.6 -3.8 for (Neu5Ac) 2 and (Neu5Ac) 3 , with a mean value for seven measurements of 4.83 (range, 3.9 -5.53) for (Neu5Ac) n of DPs about 100. This anomalously high pK a value was interpreted to be responsible for the instability of polyNeu5Ac by intramolecular self-cleavage of the ketosidic linkages of internal Neu5Ac residues in which the increased proton-donating ability of adjacent carboxyl residues serves as general acid catalysis in the hydrolytic reaction (46) . However, these values must be the practical (or apparent) ionization constants but not microscopic or intrinsic equilibrium constants. It seems to the us that the observed practical pK a values for the overall equilibrium, i.e. (Neu5Ac) n ϩ nH 2 
Ϫn ϩ nH 3 O ϩ , appears not to be anomalously high, as they claimed. Furthermore, Varki and co-workers (46) report that mild conditions which cleaved 72% of the linkages in polyNeu5Ac of DP Ͼ100 gave no detectable cleavage of (Neu5Ac) 2 and that the identical chemical bond (Sia␣238Sia) shows a markedly different stability in polyNeu5Ac and oligoNeu5Ac. Our DMB/HPLC-FD experiments using (Neu5Ac) n with DPs 41, 53, 67/68, and 76 provided data disproving the hypothesis that polySia of high DPs are unusually labile even under mild conditions (see Fig. 1 ). In our experiments (Neu5Ac) n was treated with 0.02 M trifluoroacetic acid at 10°C for 48 h. As can be seen in Fig. 1, a-d , substantial amounts of high molecular weight fragments remained intact as the main proportion of quinoxalinone adducts. A monotonous increase of a series of DMB-tagged lower oligo/polySia peaks is simply accounted for by the fact that polySia with a higher DP has larger numbers of reaction sites of hydrolysis. Since (38Neu5Ac␣23) n appears not to form a single rigid helical conformation, it is unlikely that polySia undergoes abnormally large alterations in the pK a , namely its unit electrostatic environment, upon increasing its DP though minute changes in the pK a values of the COOH cluster in polySia, which may possibly in turn be reflected in tiny alterations in the stability of the interketosidic linkages. It should be noted that in any interpretation of pK a in the light of structural considerations, it is important to ensure that the pK a values discussed should refer to individual molecular entities.
With regard to the relationship between the hydrolysis rate and the conformation of the polyNeu5Ac, a recent study on characterization of ␣238-linked polyNeu5Ac (colominic acid) by circular dichroism and viscosity analysis is interesting (57) ; no temperature-dependent conformational transition between 5 and 70°C was observed in colominic acid, and a much lower intrinsic viscosity was exhibited as compared with the values for other polyelectrolytes of similar linear charge density, such as polynucleotides. The apparent absence of induced conformational transition by salt or temperature and the high flexibility indicated that the binding of colominic acid to its antibodies may not contain a significant amount of specific conformationally controlled determinant. Instead, their data suggest the importance of chain length (DP) for an effective binding. Consequently, we feel that general interpretation or extrapolation of DP-dependent dynamic conformational features into a single regular polymer helical structure (conformational epitope (58)) in special relation to the molecular nature (structure and reactivity) of oligo/polyNeu5Ac must be regarded with the utmost caution.
Kinetic Consideration for Mild Acid Hydrolysis of Higher OligoNeu5Ac and PolyNeu5Ac with the Known DP-Actually, kinetic consideration of acid hydrolysis of ␣238-linked oligo/ polyNeu5Ac can be fitted in with the assumption that every interketosidic linkage is hydrolyzed at the same rate. We can formulate the rate equation Equation 2 .
where N n Ϫ i is the concentration of an oligo/polyNeu5Ac with DP ϭ n Ϫ i, and k is the first-order rate constant. Integration of the above equation gives Equation 3 .
Therefore, the concentration of j-mer formed can be given by Equation 4 .
The relative magnitudes of the concentrations of a homologous series of oligo/polyNeu5Ac formed at a given time, t, are in principle measurable quantities and can be used to evaluate the apparent first-order rate constant and to test the validity of the assumption made in the present treatment, and the rate constant under a given reaction condition can be simply estimated. For example, for (38Neu5Ac␣23) 10 , ]k app av ϭ 2.0 ϫ 10 Ϫ3 min Ϫ1 at 50°C in 0.02 M trifluoroacetic acid; for (38Neu5Ac␣23) 21 , k app av ϭ 2.3 ϫ 10 Ϫ3 min Ϫ1 at 50°C in 0.02 M trifluoroacetic acid (Table I) . Furthermore, it is of interest to note our previous kinetic study of mild acid hydrolysis of various ␣2 3 ketosidic linkages (59) . When the apparent first-order rate constants of mild acid hydrolysis in 0.1 M trifluoroacetic acid at 80°C of ketosidic bonds are compared, Neu5Ac␣2 3 3Gal␤1 3 4Glc (0.16 min Ϫ1 ) is hydrolyzed about 4-fold faster than Neu5Gc␣2 3 8Neu5Gc (0.039 min Ϫ1 ). It is also known that the kinetic stability of Neu5Ac␣2 3 8Neu5 Acis essentially identical with that of Neu5Gc␣2 3 8Neu5Gc. In this study we also determined, using the HPAEC-PED method, the pseudo first-order rate constants of hydrolysis of keto side bonds in Neu5Ac␣2 3 8Neu5Ac, Neu5Ac␣2 3 3Gal␤1 3 4Glc, and Neu5Ac␣2 3 6Gal␤1 3 4Glc in 0.02 M trifluoroacetic acid at 50°C and in 0. Table I ). Taken together one can readily anticipate that NCAM-derived oligo/poly Sia-glycopeptides undergo hydrolysis at the ketosidic linkages between the proximal Neu5Ac and the Gal residues of two arms on a triantennary core N-glycan, (Neu5Ac) nϪ1 Neu5Ac␣2 3 3Gal␤1 3 , ϳ 2.5-4-fold more quickly than internal ketosidic linkages in poly Siachains at 50°C in 0.02 M trifluoroacetic acid. Experimental results presented in Figs. 1, 2 , and 4 all revealed that the each of chromatographic profiles fits into a pattern for the differential reactivity of two types of ketosidic linkages, i.e. Neu5Ac␣2 3 3Gal and Neu5Ac␣2 3 8Neu5Ac, and the latter ␣2 3 8-interketosidic linkages are all hydrolyzed at the same rate. Under these mild acid conditions oligo/poly Siachains are reported to undergo partial lactonization (cf. Refs. 51 and 52). But lactonization under the conditions used in this study is considered not extensive, and its contribution to the stabilization of poly Sia may be only partial. Thus, the kinetic property of ␣2 3 8-linked internal ketosidic linkages that was observed to be less labile than had been reported can be ascribed to the irintrinsic molecular nature. In any case, the conclusion based on the kinetic considerations in this paper would not be affected by the occurrence of partial lactonization.
The present data and interpretation may argue against previous evidence of poly Sia chains, such as the DP of poly Neu5Ac chain, that NCAM is as large as 100, and that poly Neu5Ac chains are extremely labile to hydrolytic break down even at neutral pH. Apparent lability of poly Sia is simply accountable by the increasing numbers of reactions ites of hydrolysis. Our chemical and biochemical approach to evaluate (45, 48, 49, 53, 60 -70) for the analysis of oligo/polySia with respect to DP and its distribution, especially when it is applied to the samples that can be available only in minute amounts. We have shown that polySia on NCAM expressed in a single embryonic brain can be detected and quantitatively analyzed (69) , and when combined with other immunocytochemical (e.g. light and electron microscopic immunohistochemical methods) or biochemical methods, will provide new information on the molecular nature of developmentally regulated and site-specific expression of different NCAM glycoforms differing in DP of polySia chains. It should be pointed out that the method originally used by Livingston et al. (45) and now by others (e.g. Ref. 55 ) may lead to overestimation of the DP; DP values obtained by applying the anion exchanger Mono-Q HR 5/5 to polysialoglycopeptides derived from NCAM becomes overestimated when sulfate groups are present on the core glycan chains (56) . Errors in counting overlapping peaks (far from base-line resolution) may also lead to a significant overestimation of the DP. Moreover, their separation method based on net negative charge only estimated the total numbers of Sia residues per N-glycan chain, even if the glycopeptide contained a single glycan chain. In none of the published reports using Mono-Q separation of radiolabeled polySia-containing glycopeptides, the authors neither clarified nor discussed the above-mentioned problems. It should also be pointed out that the possible attachment of oligo/polySia chains on the two antennae of a single core N-glycan deduced from the present study is compatible with the previous observation that the net DP of the polySia chains was invariably 40ϳ50 throughout developmental stages from E5 to E21 (48) . These findings permit us to propose the hypothesis that a vast number of glycoform structures of NCAM is generated by the yet uncovered mechanism of coordination of antennicity of the core N-glycan and DP of oligo/polySia chain.
Although our results conclusively prove that there exists a numerous number of NCAM glycoforms differing in DP of polySia chains, it remains an important challenge to investigate how the control of such distribution of different NCAM glycoform structure having oligo/polySia with defined DPs is achieved, how far these glycoforms are correlated with the functional requirements of the NCAM in the adhesive behavior of the neural cells, and how vertebrate neural cells are finely tuned by NCAM-mediated homophilic interaction at the cellular level through a wide spectrum of NCAM glycoforms of variable polySia length during normal development.
